is an evolutionarily conserved complex with ATPase function, capable of regulating nucleosome position to alter transcriptional programs within the cell. It is known that the SWI/SNF complex is responsible for regulation of many genes involved in cell cycle control and proliferation, and it has recently been implicated in cancer development. The ATPase action of SWI/SNF is conferred through either the brahma-related gene 1 (Brg1) or brahma (Brm) subunit of the complex, and it is of central importance to the modification of nucleosome position. In this study, the role of the Brg1 and Brm subunits were examined as they relate to chromatin structure and organization. Deletion of the Brg1 ATPase results in dissolution of pericentromeric heterochromatin domains and a redistribution of histone modifications associated with these structures. This effect was highly specific to Brg1 and is not reproduced by the loss of Brm or SNF5/BAF47/INI1. Brg1 deficiency is associated with the appearance of micronuclei and aberrant mitoses that are a by-product of dissociated chromatin structure. Thus, Brg1 plays a critical role in maintaining chromatin structural integrity.
INTRODUCTION
The switch/sucrose nonfermentable (SWI/SNF) complex uses the energy of ATP hydrolysis to modulate nucleosome position and density across promoters and thus plays an important role in regulating gene expression. The SWI/SNF ATPase function is necessary for its chromatin remodeling activities (Laurent et al., 1993) , and this function is manifested through one of two mutually exclusive subunits, brahma-related gene 1 (Brg1) or brahma (Brm). Although both Brg1 and Brm can function as the central ATPase in the SWI/SNF complex, each defines a discrete complex with unique biochemical activity. In addition, specific accessory factors interact with the ATPase subunits and play critical roles in chromatin remodeling activity. For example, SNF5/ BAF47/INI1 is present in both Brg1-and Brm-associated complexes and is required for maximal chromatin remodeling activity, both in vitro and in yeast. Surprisingly, although Brg1 and Brm have Ͼ75% sequence homology, the impact of each individual subunit on chromatin biology and underlying cell biology is poorly understood (Phelan et al., 1999) .
Due to its central function in chromatin remodeling, SWI/ SNF function is required in many facets of gene regulation. Correspondingly, it is estimated that approximately 5% of the yeast genome is transcriptionally regulated by the SWI/ SNF complex (Holstege et al., 1998; Sudarsanam et al., 2000) . In mammalian cells, SWI/SNF plays a critical role in the activation of a diverse set of genes and has been shown to be recruited directly to transcriptional activation domains (De-roo and Archer, 2001; Hassan et al., 2001) . In contrast, SWI/ SNF is also required for transcriptional repression. For example, transcriptional repression of cell cycle genes mediated by the retinoblastoma tumor suppressor is dependent on SWI/SNF, implicating the involvement of SWI/SNF in cellular proliferation (Gunawardena et al., 2004 (Gunawardena et al., , 2007 .
Paradoxically, disruption of SWI/SNF function has alternatively been associated with tumorigenesis and lack of cellular/organismal viability. Specifically, loss or mutation of the SNF5/INI1 subunit is associated with rhabdoid tumorigenesis, and it has been convincingly demonstrated that the SNF5/INI1 gene acts as a tumor suppressor (Biegel et al., 1999; Sevenet et al., 1999; Roberts et al., 2002) . Correspondingly, diminished expression or loss of Brg1, Brm, Baf57, Baf180, and several other chromatin-modifying genes has been observed in cancer cell lines and tumor specimens (Gregory and Shiekhattar, 2004) . However, these implications in tumor development are seemingly at odds with important roles for SWI/SNF subunits in maintaining cellular viability and proliferative capacity (Bultman et al., 2000) .
It is well known that chromosomal instability is a hallmark of cancer. Interestingly, loss of chromatin regulatory proteins can have deleterious effects on chromatin structure that can compromise genome stability and fuel tumorigenesis (David et al., 2003 (David et al., , 2006 . Here, we used somatic cell culture models to define the impact of the SWI/SNF chromatin-modifying complex on chromatin biology and cell cycle progression.
MATERIALS AND METHODS

Cell Culture and Adenoviral Transduction
Primary and 3T3 cell lines were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin-streptomycin, and 2 mM l-glutamine at 37°C in 5% CO 2 . All cell lines were transduced with adenoviruses encoding green fluorescent protein (GFP), GFP-Cre recombinase (Cre), or Cre for 120 h.
Immunoblotting
Cell lysates were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to Immobilon-P membrane (Millipore, Billerica, MA). Membranes were incubated with the following primary antibodies: Brg1 (sc-17796; Santa Cruz Biotechnology, Santa Cruz, CA), Brm (sc-17828; Santa Cruz Biotechnology), vimentin (gift from Dr. Wallace Ip, University of Cincinnati, Cincinnati, OH), Cre (69050; Novagen, Madison, WI), p53 (CM5p; Novocastra, New Castle, United Kingdom), and lamin B (sc-6217; Santa Cruz Biotechnology).
Immunofluorescence and 5-Bromo-2-deoxyuridine (BrdU) Incorporation
Cells were subjected to the indicated treatment, fixed with methanol:acetone (1:1) or 3.7% formaldehyde, and permeabilized with 0.3% Triton X-100. Cells were then stained for the indicated proteins. For BrdU, cells were subjected to the indicated treatment and incubated with BrdU reagent (GE Healthcare, Chalfont St. Giles, Buckinghamshire, United Kingdom) for 1 h before fixation in 3.7% formaldehyde. Cells were then permeabilized with 0.3% Triton X-100 in phosphate-buffered saline, and incubated with rat anti-BrdU. Cells were then stained with rhodamine anti-rat immunoglobulin G, and mounted on slides. In assays wherein abnormal heterochromatin was quantified, "abnormal" was determined by disorganization or loss of clearly identifiable, normally discrete and punctate (round) heterochromatin domains.
Flow Cytometry
BrdU reagent was added to cells for 1 h before harvest. Cells were then harvested by trypsinization, fixed with ethanol, and incubated with propidium iodide and fluorescent anti-BrdU secondary antibody. Histograms represent 15,000 gated events. Histograms were analyzed using FlowJo software, version 8.7 (Tree Star, Ashland, OR).
Polymerase Chain Reaction (PCR)
Total genomic DNA was extracted using DNeasy blood and tissue kit (69504; QIAGEN, Valencia, CA). Indicated portions of DNA were amplified via polymerase chain reaction; amplified DNA was separated using a 1.5% agarose gel. For mouse genotyping (Brm), mouse tail DNA was extracted and analyzed by PCR using a combination of three different primers: sense 5Ј-CCTGAGTCATTTGCTATAGCCTGTG-3Ј, antisense 5Ј-GGACTGCCAGCT-GCA-GAG-3Ј, and 5Ј-CATCGCCTTCTAT-CGCCTTC-3Ј. For mouse genotyping (Brg1), mouse tail DNA was extracted and analyzed by using the following primers: sense 5Ј-GATCAGCTCATGCCCTAAGG-3Ј and antisense 5Ј-CCTACAGTTCCATG-CAGCTGG-3Ј.
Retroviral Transduction, Plasmid Transfection, and Selection
Retroviral Transduction. Cells were transduced for 7 h with a retrovirus containing a p53 dominant-negative allele (p53DD). The transduced cells were selected for 14 d in 0.2 mg/ml G418 sulfate (Calbiochem, San Diego, CA).
Plasmid Transfection. Cells were transfected for 18 h using Lipofectin transfection reagent (Invitrogen, Carlsbad, CA) following manufacturer-provided protocol. After 48 h, cells were passaged into 2 g/ml puromycin for 7 d. These cells were passaged again into 2 g/ml puromycin for another 7 d before beginning experimental procedures.
RESULTS
Targeted Deletion of SWI/SNF ATPases in Cell Culture
The SWI/SNF complex is implicated in a wide range of highly cancer-relevant processes, such as transcriptional regulation, cell cycle control, and DNA repair. Here, models of Brg1 and Brm knockout were used to directly define the impact of deficiency of these subunits on cellular function. To perform these studies, we utilized mouse adult fibroblasts that were derived from Brg1 f/f , Brm Ϫ/Ϫ , and compound Brm Ϫ/Ϫ Brg1 f/f mice. By employing Cre-recombinase in vitro, any combination of core ATPase deficiency could be created (Supplemental Figure S1A) . Cell cultures were transduced with adenoviruses encoding either GFP or GFP-Cre, and analyses of GFP-fluorescence revealed Ͼ95% of cells were infected. Correspondingly, the Brg1 lox allele was efficiently recombined in those cultures subjected to infection with GFP-Cre encoding adenoviruses (Supplemental Figure  S1B) . Consistent with the genetic recombination, the expression of Brg1 protein was significantly reduced at 120 h after infection ( Figure 1A ). As expected, the Brm knockout cell cultures exhibited the appropriate genomic organization of the targeted allele and failed to express Brm protein ( Figure  1A ). Thus, each combination of ATPase deficiency could be modeled in these cell cultures.
Loss of Brg1 Leads to Nuclear Malformations
Because SWI/SNF subunits have been shown to play important roles in chromatin dynamics, nuclear structure and organization were examined in the context of ATPase deficiency. At 120 h after infection, cells were stained with Brg1 antibodies to unequivocally define Brg1-deficient cells, and chromatin was labeled with Hoechst 33258. Primary murine fibroblasts harbor highly discrete pericentromeric heterochromatin domains, which are readily identified through DNA staining. In cultures with intact ATPase function, these pronounced domains were clearly identifiable in Ͼ90% of cells ( Figure 1B ). The deletion of Brg1 yielded a dramatic disruption of these chromatin domains, as evidenced by lack of defined borders and an overall dispersion of heterochromatin ( Figure 1B) . Importantly, this effect occurred in the majority of cells lacking Brg1. In contrast, Brm deficiency lead to only a modest impact on the fidelity of such heterochromatin domains. To further explore the effect of Brg1 deletion on chromatin organization, nuclei were visualized by confocal microscopy. Optical sectioning revealed that heterochromatin domains have a discrete three-dimensional structure ( Figure 1C ). However, the deletion of Brg1 results in the loss of this structure and a corresponding disorgani-zation of heterochromatin in the nucleoplasm ( Figure 1C ). Consistent with this assessment, the discrete heterochromain domains are abnormally dispersed in quantitative monitoring of chromatin intensity ( Figure 1D ). To illustrate the specificity of this phenomenon to Brg1 loss, the acute deletion of SNF5 was achieved by Cre-recombinase expression in SNF5 f/f mouse embryonic fibroblasts. Strikingly, deletion of this SWI/SNF core-complex component yields no change in the structure or presence of heterochromatin domains ( Figure 1E ). Furthermore, these observed affects on heterochromatin are not an artifact of Cre-recombinase expression, because intact chromatin domains are observed in other models that have been exposed to Cre-recombinase ( Figure 1E ). Thus, Brg1 specifically plays a critical role in the maintenance of heterochromatin domains.
Pericentromeric heterochromatin is characterized by specific histone modifications. To delineate how Brg1 deficiency Figure 1 . Loss of core ATPases causes appearance of abnormal heterochromatin in primary fibroblasts. (A) Primary MAFs were transduced with adenovirus encoding either GFP or Cre-recombinase. At 120 h after infection, cells were harvested, and protein lysates were resolved by SDS-PAGE. The indicated proteins were detected by immunoblotting. (B) Cells were cultured on glass coverslips and transduced with adenovirus encoding either LacZ or Cre. At 120 h after infection, coverslips were fixed and stained with Hoechst dye and visualized by fluorescence microscopy. Percentage of cells with abnormal heterochromatin (HC) was counted. (C) Cells were prepared as described in B, stained with 4,6-diamidino-2-phenylindole (DAPI), and visualized by confocal microscopy. Serial sections were imaged and stacked to create a three-dimensional image of chromatin structure. (D) Cells were visualized by confocal microscopy, and relative chromatin staining intensity was quantitatively graphed. Staining intensity represents chromatin condensation/organization, with red indicating the highest level of organization and blue indicating the least. (E) Cells were stained for SNF5, and with DAPI, they were visualized by confocal microscopy. Three-dimensional images of chromatin density were taken. The percentage of cells with abnormal heterochromatin was counted. influenced the distribution of these histone modifications, cells were costained for Brg1 (to define negative cells) and histone modifications. As shown in Figure 2A , histone H3-trimethyl lysine 9 modification is largely confined to pericentromeric heterochromatin domains in cells harboring SWI/SNF ATPase activity. In contrast, there was a significant dispersion and redistribution of histone H3-trimethyl lysine 9 species with the deletion of Brg1. Similar results were observed with the histone H4-trimethyl lysine 20 modification, which was altered in the absence of Brg1 ( Figure  2B ). Interestingly, this result was specific to Brg1 loss, because no changes in histone modifications were observed in models of Brm and SNF5 loss (Supplemental Figure S2) . Furthermore, this phenomenon is relatively specific to modifications associated with heterochromatin, because acetylation of histone H4 and histone H3 were not significantly altered with the deletion of Brg1 ( Figure 2C ; data not shown). Thus, loss of Brg1 impinges on both the structural fidelity of pericentromeric heterochromatin and modifications that define these distinct chromatin structures.
Role of Brg1/Brm in Maintenance of Genomic Structure
Multiple studies have suggested that aberrations in chromatin organization can have significant effects on proliferation and genome stability. In the investigation of chromatin structure, it was apparent that deficiency of SWI/SNF subunits was associated with a corresponding increase in cells harboring micronuclei ( Figure 2D ). Cells lacking Brm exhibited a modest yet significant increase in micronuclei formation ( Figure 2D ), which is consistent with a previous report (Coisy-Quivy et al., 2006) . However, the acute loss of Brg1 resulted in a striking increase in micronuclei. This level of micronuclei was subtly increased in the context of combined Brg1 and Brm deficiency ( Figure 2D) . Thus, the percentage of cells harboring micronuclei largely correlated with the aberrations in heterochromatin organization, wherein Brg1 deficiency was responsible for a more significant impact.
Although many attempts were made to establish longterm primary cultures lacking Brg1, these cells were ultimately selected against in culture. Because primary cells have a finite proliferative capacity, the Brg1 f/f cells were subjected to spontaneous immortalization by using a 3T3 protocol. Due to the unlimited proliferative capacity of this model, we could readily assess the effect of Brg1 loss on cell proliferation. Initially, BrdU incorporation was analyzed after the deletion of Brg1 ( Figure 3A) . These analyses showed a significant reduction in BrdU incorporation with Brg1 loss. These effects were further confirmed by analyses of cellular proliferation, wherein the deletion of Brg1 initially suppressed proliferation ( Figure 3B ). However, direct analyses of Brg1 by immunostaining of these cultures showed the emergence of Brg1-positive cells that, over time, began to represent the majority of the population ( Figure 3C ). This inhibition of proliferation was also associated with the formation of micronuclei in the immortalized Brg1-compromised cultures. Nearly 60% of all 3T3 cells in these Brg1-compromised cultures harbored micronuclei ( Figure 3D ). These analyses imply that loss of Brg1 has a deleterious impact on proliferation.
Because aberrant nuclear structure could function to induce a DNA damage checkpoint, we evaluated the impact of disabling p53 function on proliferation in the absence of Brg1. Primary Brg1 f/f mouse adult fibroblasts (MAFs) were transduced with a retrovirus encoding p53DD. This results in aberrant stabilization of the endogenous p53 ( Figure 3E ) and immortalization of the cultures (data not shown), consistent with a previous report (Bosco et al., 2007) . As with the 3T3 cultures, Brg1 deletion in this context resulted in a suppression of proliferation ( Figure 3F) . Furthermore, single cell analyses demonstrated that Brg1 deletion was selected against over extended culture ( Figure 3G ). These data suggest that the defects in chromatin organization experienced with loss of Brg1 result in the inhibition of proliferation, even with p53 function compromised.
To determine the basis for the inhibition of proliferation, we initially analyzed the cell cycle distribution by flow cytometry. With acute deletion of Brg1 there was an increase in cells harboring 4N and Ͼ4N DNA content ( Figure 4B ). To explore whether Brg1 deletion induced alterations in mitotic entry or progression, the presence and stage of mitotic nuclei were evaluated. In immortalized cultures, mitotic cells were readily apparent with the absence of Brg1; however, these cells expressed hallmarks of aberrant mitosis that could be easily identified. This finding was even apparent in mixed cultures in which not all cells had lost Brg1 ( Figure 4A ). Importantly, Ͼ70% of cells harboring Brg1 deficiency exhibited some form of abnormal mitotic cell division ( Figure 4C ). Subsequently, we determined whether loss of Brg1 influenced the phosphorylation of Ser10 on histone H3, which is associated with mitotic entry. These analyses showed that loss of Brg1 did not preclude this histone modification (Figure 4D) . However, there was a significant selection against cells in anaphase or telophase. Those few Brg1-deficient cells in anaphase or telophase ( Figure 4A ) manifested mitotic bridges, lagging chromosomes, and evidence of mitotic catastrophes ( Figure 4D) . Together, these studies indicate that although Brg1 is not required for mitotic entry, appropriate chromatin structure is requisite for proper and effective execution of mitosis. To rigorously identify whether cells lacking Brg1 could proliferate, a vector expressing Cre with a selectable marker was used. After selection, the majority of cells still expressed Brg1; however, rare Brg1-deficient cells were detected. Passaging these cells at low density enabled us to specifically interrogate whether single cells could proliferate into microcolonies. From Ͼ150 colonies analyzed, only two demonstrated expansion in the absence of Brg1. Therefore, although there is a strong selection against Brg1 loss, few cells can ultimately proliferate under this subversive condition ( Figure 4E and Supplemental Figure S3 ).
DISCUSSION
It is known that the SWI/SNF complex employs one of two different core ATPases, Brg1 or Brm, to remodel chromatin structure by repressing and facilitating transcription. In this study, the individual function of Brg1 and Brm on chromatin organization, nuclear structure, and mitotic division was determined. f/f 3T3 MAFs were transfected with either a pBABE-puromycin selectable Cre-encoding plasmid, or a pBABE-puromycin selectable control plasmid. Cells were then passaged into media containing puromycin for 14 d. Cells (1 ϫ 10 3 ) were plated onto glass coverslips in a 10-cm dish and allowed to grow for 48 h, and then the cells were harvested and stained for Brg1 and DAPI.
The SWI/SNF complex is thought to use the Brg1 and Brm subunits interchangeably to mediate the ATPase function critical for chromatin remodeling (Roberts and Orkin, 2004) . In terms of biochemical activity, there is significant functional redundancy between these core ATPases (Phelan et al., 1999) . Furthermore, several transcriptional processes can be mediated via the activity of either ATPase. However, there are clear distinctions between Brg1 and Brm related to tissue-specific dependence and overall organismal survivability (Muchardt and Yaniv, 2001; Kadam and Emerson, 2003) . Our data show that deficiency of Brg1, but not Brm, leads to the dissolution of discrete pericentromeric heterochromatin domains. This finding suggests that the Brg1 ATPase either represents a larger fraction of the total ATPase protein in the cell or that it has distinct functions from Brm. However, this effect on chromatin is readily apparent via multiple approaches and results in the structural dispersion of heterochromatin domains. These structures are known to be highly enriched in trimethylated histone H3 lysine 9 and histone H4 lysine 20. Correspondingly, Brg1 deletion results in a significant dissemination of these modifications. Interestingly, our data reveal that loss of SNF5, another core subunit of the SWI/SNF complex, does not elicit dissolution of heterochromatin domains, nor does it affect the localization of trimethylation on histone H4 lysine 20 or histone H3 lysine 9 (Supplemental Figure S2) . It is well established that these histone markers are not required for the structural maintenance of the heterochromatin domains, because deletion of Suv39H1/H2 and retinoblastoma (RB)-related family members results in the loss of trimethylation of histone H3 lysine 9 and histone H4 lysine 20 at heterochromatin domains, respectively, without compromising the integrity of the overall chromatin domain structure (Peters et al., 2001; Gonzalo et al., 2005) . Thus, the maintenance of pericentromeric heterochromatin domains is hierarchical, with an underlying Brg1-dependent function that is critical for structural integrity.
The regulation of transcription and modulation of chromatin structure are critically involved in cellular proliferation, and aberrations associated with these processes are implicated in tumorigenesis. The effect of SWI/SNF ATPase deficiency on cellular proliferation remains the subject of controversy, as there are tumor cell lines which harbor discrete loss of both ATPases (Strobeck et al., 2002; Reisman et al., 2003) . These cell lines actively proliferate and are, in fact, compromised for the appropriate response to growth inhibitory signals as elicited through the RB pathway. Although such tumor cell models are important for interrogating pathways, it is not possible to determine the cellular requirement for ATPases because other genetic events could obviate their necessity. Thus, the analyses of cultured cells from genetargeted animals afford an opportunity to define their intrinsic role in proliferation. Loss of Brm has minimal effect on proliferation, and primary and immortalized lines lacking Brm function can be readily propagated. However, Brg1 deletion resulted in a substantial reduction in cellular proliferation and BrdU incorporation and was selected against during culture. Moreover, this effect was observed in both primary cell culture and cultures specifically deficient in canonical p53 function. Thus, loss of Brg1 is not tolerated even in the context of rapidly proliferating immortalized populations. This finding is supportive of previous analyses in embryonal carcinoma cells (Sumi-Ichinose et al., 1997) . Cell cycle analyses strongly suggest that the principle negative impact of Brg1 deficiency on proliferation is manifest during mitotic progression. Our data support the notion that Brg1 deficiency can be overcome by virtue of additional stochastic events; however, this process was highly sporadic even in the context of immortalized 3T3 populations and selection for Brg1 deletion. Thus, tumor cell lines and potentially other Brg1-deficient cell types, presumably use compensatory mechanisms to bypass the requirement that we observed.
Findings from multiple laboratories have suggested that deletion/loss of Brg1 may contribute to the genesis of cancer (Murphy et al., 1999; Lee et al., 2002) ; however, the underlying mechanism for this process is unclear. The data presented here indicate that loss of Brg1 results in aberrant mitotic progression and provides evidence of genomic instability. These findings are supported by previous studies that show both the localization of SWI/SNF to mitotic chromosomes (Xue et al., 2000) , and the requirement for related complexes for proper mitosis and chromosome maintenance (Baetz et al., 2004; Campsteijn et al., 2007) . This phenomenon is also similar to that observed with the knockout of a critical centromeric protein, inner centromere protein, which disrupts chromatin structure and leads to genomic instability (Cutts et al., 1999) . Importantly, normal mitotic progression is dependent upon proper centromeric function, and the loss of Brg1 seems to result in disassembly of these pericentromeric heterochromatin domains. This suggests a mechanism for the observed mitotic abnormalities, because disruption of such domains compromises mitotic fidelity. It has been recently reported that tumors arising in Brg1 ϩ/Ϫ mice, although not mimicking specific pathways, are best characterized by genomic instability (Bultman et al., 2008) . Importantly, this study also concludes that tumor formation in Brg1 ϩ/Ϫ mice occurs due to haploinsufficiency rather than loss of heterozygosity (Bultman et al., 2008) , suggesting a lack of selection or proliferative advantage with the complete ablation of Brg1. Thus, in the context of Brg1 deficiency, resultant dispersion of pericentric heterochromatin domains and mitotic dysfunction could potentially represent the underlying key etiological feature relevant to tumorigenesis. 
Supplementary Figure 1. SWI/SNF ATPase manipulation is used to interrogate function.
